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TESTS UITN A LINE-CfMDtlTA?SD CONVERTER AS A VARIASLE IMWTIVE#OAD ON TNE
BONNEVILLEPOWER ADMINISTRATION TRANSW?SIOX SYWZFt

Heinrich J. ~enig John F. Nauer, itonald b. Nialnen
Loe Names National Laboratory Bonneville Power Administration

Loa demo., m 87545 Portlend, OR 97208

Abetract - A t~lva-pulce, linec~tated converter,
with ● ●teady-state rating of 2.5 kV ●nd 5.5 M,
fomerly used for chargina ●nd discharging ●

superconducting ugnet, was reconfigured ae ● ●tatic
remctive power loed. T-et. ●taged ●t the Taccma, UA,
substation of the Bonneville Power Administration (BPA)
ravealad that the converter could be used ●e ● vmriable
inductive load, provided ● ●table current controller wae
installed. The unit ue ●odulated aa a variable VAR
ld following a slnueoidal VAR demand •i81~l with ●n
●mplitude up to 14.8 HVAR. The total lessee ●t maximum
VAR output ware 370 kU.

T’hie paper ●xplaina the neceseary ■odificmtione of
thm converter to operate ae ● variable reactive load.
Mmeurad currant ~veehapes ●rc anclyzed. The ●ffecte
of ●uch ● local on the BPA tranamiacion ●yatam ●re
pramnted.

1. Introduction

A 30 ?Ll eu~rconducting me8netic ●ergy ●torqe
(SIES) unit ma operated ●t the BPA ●ubrtatlon ● :
TacmM, UA, frm February 1983 to Fabruary 1984. This
waa ● joint project between BPA and Loe Mmmoa National
Laborato~. Upon completion of the project the authora
•~seeted that the SltES conversion ●qui~ent be ue~d ●s
● variable lnductlve local, which, combined with ● fixed-
value, Parallel-connectad capacitor, ~uld conatituta ●

static VAR device. Sacauee tha SIES conversion
●qui~nt -m not daalgned for thic ●lternate mode of
operation, it -e felt ●ppropriate to conduct a-
variable raactive power teete with the •qul~ent ●t
Tacaa . In the previous yaare real powr ●lnuaoidal
■ovulation teete with vzluae up te 10.6 HU had been
●tcgcd with the quipent, using ● euparconductirq coil
aa ● load [1,2]- Nowever, bscauee of the ●baence of thu
●upercooducting coil, which had impoeed ● current limit
00 he ayata, ●td the known conservative converter
daeign, it tma ●aswd that ● hi8her curr~nt loading of
the convarter could be ●ccoaplieh~d in inductive load
tmmte.

2. OUMHARYOF CONVERTERDESIQi

Tha mm convarter ie n twelve-pulse, line-
c-’wtatad, ●lr cooled unit, whlrh conaieta of two eix-
pulee brid~es connected in ●orlee[3]. Sach brid~e hae a
racl~ of 1.25 kV, 5.5 M, rceultl~ in the converter
ratl~ of 2.5W, 5.5 u. Ttm nesative convert~r
voltqa ie llm;ted to 2 k% becauee of the inveralon ●nd
●top to @arantee safe current cmtation. The
convertor ie connected to the 13.8 kV bue by two 6.0/7.3
UVA , OA/FA, trmefomars, which have ● voltqr ratio of
13.0/0.920 ●nd ● chort cirkuit impedance of 8.02. Each
bridSe leg conalett of ●ight 8CRC in parallel. The 8CIU
● re 50 u dovlcae with ● re~etltivc blocki~ volta~e of
3200 V ●d ●n ●verqe forward currant of 800A. Each

‘Work perfo~d under tho ●ueplcee of the U.!3.
Department of Bner8y.

bridge hae ● ●et of ●ight bypaos SCRX, which are rsted
to conduct the ●teady-state load current.

3. REAC71VE POWER OPERATION OF CONVERTER

It ia textbook knowledge[4] that by deleying tile
phaae ●~le a in ● lina-c~tated converter for con-
■tant apparent power, the relationship between real and
reactive power can be changed. If ●n ideal converter 10
aaeumed with no c~tati~ reactancua, then no reactive
power is ●beorbad for ● aero phaee delay ●ngle. At
a = 900 only raactive power ie taken fram the faedlnp aC
●yetam. This relationship for ●n ideal cunvertar is
●howa in Fig. 1. To run the SHES converter ●e ●

variable inductive load, the phaee delay ●ngle muet be
●djuated to vary near a - 90°. Changoa in reactive
power ●re made by momentarily changing the phaee delay
●ngla. 4 phase delay ●ngle of lees than 90° will
increaae the load current ●nd therefore the reactive
power. A phaac delay ●ngle of highe- than 90° will
decreaaa the load current ●nd raactive power.

INVERTER
1.0

0.

●.

-0”

Pa ~
Fig. 1. Kahtionahip between real power (P) ●nd r@ac-

tlve power (Q) for conetant ●pparent pow-r ($)
of ●n tdeal line-c~tated converter with the
phaoa deley angla a variable.

An ideal shorted convertor, operating ●t R = 90°,
●baorbm only reactive power. Figure 2 ehowe that tor a
eix-pulse br!dg~ the line currant ie limited only by th~
cmtati~ impedance ●nd can have cnceeaive valueo for
emll impadmcee. The line currmt 10 continuous for
phaee delay •~lee of 90° ●nd ewller. If the phaee
●~le ia de!ayed moro than 90°, ●e ehown In PiS. 2e, the
line current bectmaa diecontinuaue. In ● eix-pulce
bridse with th~ dlecontinuoue curr~nt mode there ●r~ ●in
load current puleee per cycle. Figure 3 shows the shape
of tha lina current of the onc brid~e of the S~S
conv~rlsr which is connected to the wyt-delta
tranefumer. The current ●hape lrI Fig. 3 atroae with
the one shown if Pit. 2f, if the traneformr connection
1- taken into ●ccount. The diccontlnuoue current hae #
hich hcmonlc content which le undesirable in ● powvr
●ystam. To improve the Iinr current wave ●hepe of th-
IltEl! converter, ● small inductance wae cdded in the load
circuit to Drovide ■oro continuous load current-. Th@

nlen21nllT10N OF THIS DOCUMENT Is uNu~~ Zh6
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load inductance consisted of three 2000 A carrier
currenc line traps connected in parallel. Each coil had

an inductance of 228 pH and a resistance of 850 PC?,

resulting in a total load of 76 I.IH and 283 pi?.

a)

●) i
Ld

Fig. 2. Six-pulse, short-circuited bridge
●)
b)

c)
d)

0)
f)

Soo

‘Y o
T

circuit diagram,
voltage ●cross two commutating inductances
vc for a = 90°,
load current iL for a = 90°,
voltaga ●cross two commutating inductances
vc for a - 100°,
load current iL for a - 100°,
line current 1 for a = 100°.

avai:able converter output voltage of 2500 V. Because
of the high ripple content of the output voltage
controlled at a - 90°, a voltage controller is not
suitable to provide stable, closed-loop control. A fast
acting current controller, in which the demand current
Is compared with the actual load current, provided
stable operation of the unit, even at very small current
levels (350 A). The delay between the load current
demand signal and the actual current was measured to be
6 degrees for a 0.65 Hz signal.

A A~

k
::
s.

v aa~

CONVERTER TRM6FOWERS, WA EACH
6-PUL6E BRIDGE (1.25kV, 5.5kA)
6-RLSE6RIDOE (1.25kV, 5.5kA)
BYPAS6 6CRS
mucTANcE (74 d+, 283 Un)

Circuit diagram of twelve-pulse converter for
inductive load tests.

current contrc,ll~r ●lso keeps the current

Fag. 4.

The
limited during the initial turn-on. To be conducting,
the SCRS of the convelter must be ●upplied with ●

voltage greater than the forward braakover voltage,
which la gate current dependent ●nd sevaral times higher
than the rated load voltage. During start-up the
currant controller limits the current overshoot to a
minimum.

Becauea of the ●xistence of tie bypasa thyristors,
●ach bridge could be tested tndivldually. Figure 5
shows the line currents ●t different loading for both
bridgae. ‘rhe waveahape of Fig. 5b should be compared
with Fig. 3 to eeo th~ ●moothinb ●ffect of the load
impsdance on the harmonic content of the line currant.
For currente less than thoee ●hewn in the top tracee of
Fig. 5, ths lina current ●rd load current ia
diecontfnuous. The line current can be continuously
controlled from zero to ● maximum valua. Therefore, in
● eix-pulce circuit, the reactive power can vary from

\ saro to tha maximum value. If the converter !s operated.

-coo ---~ .- L- L- -J- ~ -. —.,.. —. 4

0
Wma

Fig. 3. Line current (at 13.8 kV) of ● wye-de
folmer connacted to ● eix-puJae
circuited converter.

4. DEVICE RCLATCD TEST RESULTS—

49

ta trans-
short-

The ●lectrical circuit for the inductivt load teat
is shown in Pt@. 4. It should be pointed out that th~
●verage conv9 rt. r output voltage should be kept below
2 V for ● rated load current. This it 0.08% of the

●s ● twelvrpuloe converter, ● discontinuous curr~nt op-
●ration ie Impossible, which limits the raactfvc powtr
to ● mln!mum valua. Discontinuous current flow is not
poesible becauaa two SCRS in each bridg~ must ●lwaya be
conducting. Thim condition 1s mat only when the ~nstan-
taneoua output voltage of ●ach bridg~ is positive
initially. “rhie occurti for ● phaee delay •ngl~ of Ieso
than 90°.

The SMf!S convarter conld produce ● minimum load of

350 A, below which value the load current would ceaee to
flow. The converter was tested for ●verage load
currente between 350 A ●nd 6000 A. The upper value
●xceeded the deelsn ratinn by 10X. The line current
weve ●hapea for twelve-pulee operation with th~ loed
current increaelng arc ehown in Fig, 6. A
reconatructlon of the line current shape starting with
the converter output voltase ●nd current in ●hewn in
Fig. 7. In the ●xumple the lowsr current limit has been
chosalt (compara with Fig. 6a).

5. EFFECTS OF Q ttODULATION TESTS ON AC SYSTEM

Bsaldes the steady state tests, load modulatlnn
teats were performed ●t frequencies bstwaon 0.1 ●nd
0,75 Hz, The dominant reoonanco frequencies of tlw
Pacific AC Int~rtie li~ within this frcqu~ncy band.

Flgur@ 8 ●howe ●s an ●xample modulation tefitn St n.! M..



b) “

Fig. S. Line current (at 13.8 kV) of six-pulse bridge
under d~fferent loading conditions with con-
verter transformer connected in, s) delts-delta
configuration, b) wye-delta configuration. The
top traces show light loading of the converter
(average load current 2000 A), the bottom
traces heavier loading (average load current
3800 A); scaie 2 ms/div.

●)

b)

FLS* 6. Current wsvc shapes of ●ovulated, twelve-pu~.se
brldaa, operating into a low inductive losd;
lina current (at 11.8 kV) with increasing
●versg~load current I ●) 700A, b) 1400 A,
c) 2100 A, d) 4000k; ●j 6000 A, f) load
current IL ● t ●versge load current IL - 3.5 kA;
●cale 2 us/div.

T1’m cverage load current variec between 360 A ●nd
6000 A. The aversg~ lo-d current, the real power
consumption ●nd the reactive power ●bso~ption sre shown,
At 6 U the ●boorbed reactive power 10 14.8 MVAR ●nd the
total (transformer, converter, losd, fan) loaccs ●re
370 kli.

me complex-power losd, which the converter
ptosontad to the ●c nystem while beins modulated ●t
0.15 h, ie shown in FIE, 9. ‘ills t-fit n.4.4l1.bn-

V1

0) ~
Wt

V2 !

b)
\

v,+

c)

d)

●)

t)

Fig. 7. fielve-pulse bridge opsrating st 0=90° into ●

low impedance load
●) converter voltage Vl,
b) convorter voltage V2,
c) total converter output voltage V1 + V2,
d) load current IL,
●) line current lA,
f) line current iy,
g) line current, . .
(oee FIB. 4 for definitions)

provided the modulation cignal C&d at very 1ok!
distortion. The resl ●nd reactive power reaponte (P nnd
Q) ●xhibit hamonics which ●re roughly 60 db balow the
fundamental. The real power P is 35 db below the
reactive powaf Q.

Pi8urs 10 chows the response of the Pacific AC
Intertie power to the reactiv~ power ~odulation ●t
0t30 Hz. ‘T’he paak ●s chown in the ●utospectis ●t
0.30 HZ ctsmo from the modulation si8nal. Thin result
also can be confirmed by the coherency function, which
is not shown. The peak is lacking in Fig, 11, which
depicts modulation response ●t higher frequenci~so
Rasponse ic vsry -mall for frequencies ●bove 0,35 He,
Tne rather variable peeking near 0,22 HE la unr~lsted to
the ●ovulation irput and io characteristic of smbient
●ctivity observed on the AC Intertie, Test Jete of
Fits. 9-11 ●re given in relative smplitude~ snd contlin
conversion factoro of the instrumentation ●nd metering
devices.

Intertie response wss checked st 6 frequencfen
between 0.1 Hz ●nd 0.75 Hz, ●nd wss found to be highest
●t 0.30 Hz with ● value of 0.42 MW/t4VAR. R@oponcc n~sr
O*7 HE wan SmmF””(--*-l.. am J.

. . . . . . . . . .
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0

3 kA

6 kA

o

650 kW
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13 h4v4R

26 MVAi+

Output parmmetern of ● modularcd twelve-pulse
converter, operating at a-90° into a 1Ow

Impcdanca inductiva load,
●) load currant i~,
b) real powar P,

c) rcaccl~c pow*r Q,
(nocm: contar trace ia ●dvanced hy two

divioiona)

s
■

I
0.0 fncQucMcY m ngnTz 8--

Fig. 9, Autoopcctra for r~sponao of convortar damand to
●inuaoidal ■ovulation ●t 0.15 Hz.

SWY

An ●xlsti~ CWmlva-puloo, line-commtatad convortcr
Wam modifi~d to oparata ●s ● vartablc lnductlva load up

co ● lovol of 14.8 lfVARm A atablc currant contrullor
●llwod tha unit to oparata without ●xcaoding rst~d

curronca, ●lthough tho ●varaga operating Vol ta~e us 1
nacaocsrily rastrlctod to laac than O.lX of the mxlmum
●vallablc Voltqa. Raaccivo powor ●ovulation tacts
revaalad that tha unit producad lW Iaval but distinct
r~sponso on tha Pacific AC Intcrtic.

Fig. 10. Autospectra of AC Intertie power and converter
reactive power for oinu.sofddl modulation at
0.30 Hz; 1039-1047 hrs; 4/19/85.

“FS.H1 ‘–”— Joie -loq? Hn5

m,, +

Fig,

1.

2.

3,

4.

11, Autoopactra of AC Intertl@ power for olnuaoldal

modulation at 0730, 0.45, ●nd 0.65 Hz; 4/19/85.
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